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ABSTRACT 
This Major Qualifying Project used experimental methods, mathematical analysis tools 
and solid modeling applications to determine the dynamic characteristics and reliability of a 
force plate design as a solution to attenuate disruptive and harmful road-induced vibrations 
experienced in the patient-care compartment of an ambulance. Vibration data were collected 
experimentally from four different tests, each including a different ambulance traveling over four 
distinct road surfaces in three different speed ranges. The data were processed and analyzed for 
correlations to safety and patient care. Additionally, the vibrations characterized through 
experimentation were used to determine an appropriate mathematical modeling solution to 
attenuate the mast harmful vibrations experienced in the ambulance patient compartment. 
Finally, the model was applied to discover the ability of a supplemental force plate suspension 
design that would support and protect passengers in the back of the ambulance through the use of 
both passive mechanical springs and dampers, and an active, controllable attenuation device.  
  
ii 
 
 
 
ACKNOWLEDGMENTS  
I would like to give my appreciation to the UMASS Memorial Emergency Medical 
Service, the Putnam CT Emergency Medical Service, and the Woodstock CT Volunteer Fire 
Association for allowing access to emergency medical vehicles for this project. In particular I 
would like to thank the following individuals who gave their time to help facilitate test runs in 
the vehicles: Steve Haynes (UMASS Memorial), David Lyons (UMASS Memorial), Nathan 
Campbell (Putnam EMS), and Susan Calaman (Woodstock VFA).  
 Last I would like to extend my heartfelt gratitude towards my mentor, Paul Cotnoir, and 
my advisor, Dr. Mustapha S. Fofana, both for inviting me to work with them in this academic 
undertaking and for their guidance throughout the year.  
  
iii 
 
 
 
Table of Contents 
ACKNOWLEDGMENTS .............................................................................................................. ii 
List of Figures and Tables............................................................................................................... v 
CHAPTER 1: INTRODUCTION ................................................................................................... 1 
CHAPTER 2: BACKGROUND ..................................................................................................... 4 
Road Surfaces and Vehicle Vibrations ........................................................................................ 4 
Human Response to Vibration..................................................................................................... 6 
Effect of Vibrations on Ambulance Patients ............................................................................... 8 
Effect of Vibrations on Emergency Medical Service Personnel and Patient Care ..................... 9 
Summary .................................................................................................................................... 15 
CHAPTER 3: METHODOLOGY ................................................................................................ 16 
Ambulance Vibration Characterization .................................................................................... 16 
Vehicle selection.................................................................................................................... 16 
Road surface selection ........................................................................................................... 17 
Speed range selection ............................................................................................................ 18 
Experimental Set-Up ............................................................................................................. 19 
Acceleration recorder ............................................................................................................ 20 
Data Processing and Analysis................................................................................................... 22 
Force Plate Model Development and Analysis ......................................................................... 22 
CHAPTER 4: RESULTS AND DISCUSSION ............................................................................ 23 
Event Description ...................................................................................................................... 23 
Vibration Amplitude Data ......................................................................................................... 23 
Characterization of ambulance vibration amplitude data by vehicle .................................... 24 
Characterization of ambulance vibration amplitude data by road surface ............................ 25 
Characterization of ambulance vibration amplitude data by vehicle speed .......................... 27 
iv 
 
 
 
Characterization of ambulance vibration data summary and comparison ............................. 29 
Data Analysis ............................................................................................................................ 32 
Human Physiological Response to Ambulance Vibrations ....................................................... 33 
Effects on patient safety and comfort .................................................................................... 33 
Effects on personnel performance and patient care abilities ................................................. 36 
Force Plate Model Development............................................................................................... 39 
CHAPTER 6: CONCLUSIONS AND RECCOMENDATIONS ................................................. 53 
Conclusions ............................................................................................................................... 53 
Recommendations...................................................................................................................... 54 
BIBLIOGRAPHY ......................................................................................................................... 55 
APPENDIX A ............................................................................................................................... 63 
APPENDIX B ............................................................................................................................... 69 
APPENDIX C ............................................................................................................................... 72 
APPENDIX D ............................................................................................................................... 82 
APPENDIX E ............................................................................................................................... 93 
 
  
v 
 
 
 
List of Figures and Tables 
Figure 1: Comparison of power spectrum density of actual (1) and formulated (2) road excitations (Tamboli & Joshi, 
1999, p.200) ............................................................................................................................................................. 4 
Figure 2: Power spectrum density of vertical vibration measurement on seats of the 25 cars tested by Paddan and 
Griffin (2002, p203) ................................................................................................................................................. 5 
Figure 3: Transmissibility to the hand of vertical vibrations applied to a seated subject as measured by Griffin ...... 11 
Figure 4: Handwriting samples of individuals subjected to whole-body vibrations as presented by Griffin (1990) .. 12 
Figure 5: Total and breakout error in visual motor tasks as a function of vibration amplitude as reported by Griffin 
(1990) ..................................................................................................................................................................... 13 
Figure 6: Photographs of local road surfaces including: (a) unpaved roads, (b) city streets, (c) secondary roads, and 
(d) highways ........................................................................................................................................................... 18 
Figure 7: Experimental set-up before and after loading the manikin on the stretcher ............................................... 19 
Figure 8: Axes orientation in ambulance compartment............................................................................................ 20 
Figure 9: Photograph of IST EDR-3C-10 Sensor .................................................................................................... 21 
Figure 10: Graph of z-axis mean rms acceleration and mean peak acceleration for each ambulance at all speeds and 
road surfaces .......................................................................................................................................................... 25 
Figure 11: Graph of z-axis mean rms acceleration and mean peak acceleration for each road surface for all 
ambulances at all speeds ......................................................................................................................................... 26 
Figure 12: Graph of z-axis mean rms acceleration and mean peak acceleration for each vehicle speed range for all 
ambulances on all road surfaces .............................................................................................................................. 28 
Figure 13: Graphs of (a) z-axis mean rms vibration magnitudes and (b) mean peak vibration magnitudes by three 
different speed ranges with all ambulances on highways ......................................................................................... 29 
Figure 14: Graph of overall magnitude of z-axis and resultant-axis mean rms accelerations .................................... 30 
Figure 15: Graph of shock magnitude of z-axis and resultant-axis mean peak accelerations .................................... 30 
Figure 16: Z-axis acceleration time history for ambulance 3 on a highway at +65 mph ........................................... 32 
Figure 17: Z-axis power spectral density plot for ambulance 3 on highway +65mph ............................................... 33 
Figure 18: Physiological effects of superimposed on PSD graph of z-axis PSD from ambulance 3 on a highway at 
+65 mph ................................................................................................................................................................. 34 
Figure 19: Effects of vehicle ride on comfort superimposed on a graph of the mean RMS z-axis accelerations ....... 35 
Figure 20: Human tolerance limits for vertical vibration with the mean and peak z-axis accelerations superimposed. 
(Human tolerance values adapted from Gillespie, 1992, p. 183) .............................................................................. 36 
Figure 21: Average tracking error associated with whole body vibration with the mean rms z-axis accelerations 
superimposed. (Tracking error values adapted from Griffin, 1990, p. 153) .............................................................. 37 
Figure 22: Vibration spectrum of z-axis excitation and associated reading errors with rms z-axis accelerations 
superimposed ......................................................................................................................................................... 38 
Figure 23: Amplitude and frequency of ambulance vibration and examples of associated handwriting performance 
(Data adapted from Griffin, 1990, p. 139) ............................................................................................................... 39 
Figure 24: 7-degree-of-freedom model ................................................................................................................... 40 
Figure 25: Quarter-car ambulance model ................................................................................................................ 41 
Figure 26: Single degree-of-freedom quarter-car ambulance model ........................................................................ 42 
Figure 27: Free body diagram of single degree-of-freedom quarter-car model ........................................................ 43 
Figure 28: The z-axis (a) displacement, (b) velocity and (c) acceleration time history graphs for the sprung mass of 
ambulance 1 ........................................................................................................................................................... 45 
Figure 29: Time domain forcing function in the z-axis ............................................................................................ 46 
Figure 30: Phase portrait plot for ambulance 1 ........................................................................................................ 47 
Figure 31: Top view of force plate fitted into the interior of a 167” ambulance compartment .................................. 49 
Figure 32: 3-D solid model of the force plate design ............................................................................................... 49 
vi 
 
 
 
Figure 33: Force plate system model....................................................................................................................... 50 
Figure 34: Overall vibration level – highway travel all ambulances all speeds ........................................................ 73 
Figure 35: Mean peak vibration level – highway travel all ambulances all speeds ................................................... 74 
Figure 36: Max peak vibration level – highway travel all ambulances all speeds ..................................................... 74 
Figure 37: Overall vibration level – secondary road all ambulances all speeds ........................................................ 76 
Figure 38: Mean peak vibration level – highway travel all ambulances all speeds ................................................... 76 
Figure 39: Max peak vibration level – highway travel all ambulances all speeds ..................................................... 77 
Figure 40: Overall vibration level – city street all ambulances all speeds ................................................................ 78 
Figure 41: Mean peak vibration level – city street all ambulances all speeds ........................................................... 79 
Figure 42: Max peak vibration level – city street all ambulances all speeds............................................................. 79 
Figure 43: Overall vibration level – unpaved road all ambulances all speeds........................................................... 80 
Figure 44: Mean peak vibration level – unpaved road all ambulances all speeds ..................................................... 81 
Figure 45: Max peak vibration level – unpaved road all ambulances all speeds ....................................................... 81 
Figure 46: Ambulance #1 – Highway, 35mph, Z-Axis R.M.S., typical 10 sec event interval ................................... 82 
Figure 47: Ambulance #2 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval ...................................... 83 
Figure 48: Ambulance #3 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval ...................................... 84 
Figure 49: Ambulance #4 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval ...................................... 85 
Figure 50: Highway, Ambulance #3, Z-Axis R.M.S.,≥65 mph., typical 10 sec event interval .................................. 86 
Figure 51: Secondary road , Ambulance #3, Z-Axis R.M.S.,≤35 - 64 mph., typical 10 sec event interval ................ 87 
Figure 52: City Street, Ambulance #3, Z-Axis R.M.S.,≤35 - 64 mph., typical 10 sec event interval ........................ 88 
Figure 53: Unpaved Road, Ambulance #3, Z-Axis R.M.S. ≤ 35, typical 10 sec event interval ................................. 89 
Figure 54: ≤35 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval .................................. 90 
Figure 55: 36-64 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval ............................... 91 
Figure 56: ≥65 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval .................................. 92 
 
Table 1: The natural frequencies of the human body and its various parts as summarized by Paschold...................... 7 
Table 2: Test Vehicle Characteristics ...................................................................................................................... 17 
Table 3:Road surface and speed range combinations for testing .............................................................................. 19 
Table 4: Test and Event Numbers ........................................................................................................................... 23 
Table 5: Vibration magnitudes separated by vehicle ............................................................................................... 24 
Table 6: Vibration magnitudes separated by road surface ........................................................................................ 26 
Table 7: Vibration magnitudes separated by vehicle speed ranges ........................................................................... 27 
Table 8:Comparison of vibration magnitude data .................................................................................................... 31 
Table 9: Ambulance quarter-car model parameters ................................................................................................. 43 
Table 10: Forcing function developed for model analysis ....................................................................................... 45 
Table 11: Ambulance vibration amplitudes due to highway travel at speeds ≤ 35mph ............................................. 72 
Table 12: Ambulance vibration amplitudes due to highway travel at speeds 36-64mph ........................................... 72 
Table 13: Ambulance vibration amplitudes due to highway travel at speeds ≥ 65mph ............................................. 73 
Table 14: Ambulance vibration amplitudes on secondary roads at speeds ≤ 35mph................................................. 75 
Table 15: Ambulance vibration amplitudes on secondary roads at speeds 36-64mph .............................................. 75 
Table 16: Ambulance vibration amplitudes on city streets at speeds ≤ 35mph ......................................................... 77 
Table 17: Ambulance vibration amplitudes on city streets at speeds 36-64mph ....................................................... 78 
Table 18: Ambulance vibration amplitudes on unpaved roads at speeds ≤ 35mph ................................................... 80 
 
1 
 
 
 
CHAPTER 1: INTRODUCTION 
According to the National Hospital Ambulatory Medical Care Survey, over 18 million 
ambulance transports to United States emergency departments alone occurred in 2006. Standard 
emergency medical service procedure is to stabilize and transport the patient to the nearest 
hospital as quickly as possible, which requires that a variety of diagnostic and treatment 
procedures be carried out while the ambulance is in transit. However, the ability of emergency 
medical personnel to carry out such procedures is made difficult during patient transport in the 
back of an ambulance. With the health of the patient already at risk in an emergency situation, 
and the limitations on treatment caused by the environment of the moving ambulance, the need 
to examine and improve on existing emergency medical services has become a focus of both 
behavioral and administrative studies as well as a motivation for engineering innovation.  
Much of the literature available about emergency transport is focused on injuries and 
fatalities caused by accidents involving emergency vehicles. The high risk associated with 
ambulance transportation has led to enhanced safety policies, such as more rigorous crash test 
requirements for the vehicles and more extensive driver training and practice. Despite the 
implementation of these policies, there are still additional risks to the health and safety of both 
injured or ill patients and emergency medical personnel. These risks are generated from 
potentially dangerous shocks and vibrations transmitted through the ambulance as it travels over 
uneven road surfaces.  Whole-body shocks and vibrations that are felt while in a traveling 
vehicle can have possible negative effects on a variety of human physiological systems and may 
affect human sensory perceptions and motor functions.  
Although studies to determine the direct physical effects, if any, which are caused by 
whole-body shock and vibration have resulted in unclear and indefinite conclusions, it is 
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generally understood that such shocks and vibrations do have potential to be dangerous to human 
health. In addition, it has been established that diagnostic and treatment activities are limited and 
difficult for emergency medical personnel to perform while traveling in an ambulance. The 
disturbances caused by vibrations may also interfere with diagnostic equipment and their use, 
particularly those which require the use of human sensory interpretation or sensitive electrical 
signals. It is apparent that ambulance patient care and comfort would benefit from a reduction in 
shocks and vibrations currently transmitted through the ambulance suspension system.    
The recurrent vibrations that occur in typical ambulance travel vary over a wide range of 
frequencies.  These frequencies can be correlated to various road surface profiles and travel 
velocities based on studies found in literature and developed mathematical road models. Several 
methods for predicting discomfort caused by vehicle shocks and vibrations have been developed 
and are used in the automotive industry to aid in the design of vehicle suspensions to reach 
optimum passenger comfort. One mathematical model commonly used as a tool in designing 
suspension systems, with concern for comfort as the main objective, is the quarter-car model. 
This model can be used to accurately measure the ability of an ambulance suspension system to 
support the required load and isolate road excitations.  
Using the quarter-car method, it has been shown that a standard ambulance chassis 
suspension does not sufficiently suppress significant road-induced vibrations that can be harmful 
to patients and emergency medical personnel traveling in the ambulance. The vibrations present 
in the ambulance during travel can directly affect the health of injured or ill patients and also 
hinder the performance of the emergency medical personnel responsible for their care. The 
ultimate goal of this project was to develop and model an active force plate design that would 
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work to suppress the most harmful vibrations transmitted through the current standard ambulance 
suspension system.  
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CHAPTER 2: BACKGROUND 
Road Surfaces and Vehicle Vibrations 
Techniques for characterizing road surfaces and measuring the vibrations transmitted to 
vehicle passengers have been used in multiple studies on the subject of occupational hazards 
caused by continual vibration exposure as well as to aid in the evaluation of suspension design 
for ride comfort. Many of these studies make use of mathematical models to simulate, test, and 
analyze approximate road surface excitations. In their study, Tamboli and Joshi compared the 
power spectrum density of imitation road excitations, created by the application of oscillatory 
functions, and actual road excitations and were able to conclude that their sinusoidal model was 
an accurate approximation of actual measured displacements (Tamboli & Joshi, 1999). Figure 1 
below shows a diagram of the power spectrum density comparison.   
 
Figure 1: Comparison of power spectrum density of actual (1) and formulated (2) road 
excitations (Tamboli & Joshi, 1999, p.200) 
 
5 
 
 
 
Other vehicle vibration studies only use actual vibration data collected directly from 
measurement in actual traveling vehicles.  Exposure severity and limits have historically been 
measured by several methods, including the use of shake tables, ride simulator experiments, ride 
measurement in vehicles, and subjective ride assessment (Barak, 1991). In their study, Paddan 
and Griffin measured vibration data from 100 different vehicles tested over 461 experimental 
trials (Paddan & Griffin, 2002). Figure 2 displays the power spectrum curves for the 25 cars that 
were evaluated as part of this study. Although the road excitations experienced by each of these 
vehicles were diverse, the variability and range of the power spectrum curves is fairly tight. 
Although many methods have been employed in the study of vehicle vibrations, the power 
spectral density measurement method shows significant consistency across many studies, even 
with variable frequencies and amplitudes of road excitations.  
 
Figure 2: Power spectrum density of vertical vibration measurement on seats of the 25 cars 
tested by Paddan and Griffin (2002, p203) 
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Human Response to Vibration 
Two international vibration standards can be applied to vibration studies: the 
International Organization for Standardization (ISO) 2631 (International Organization for 
Standarization, 1997) and the British Standard Institution 6841 (British Standards Institution, 
1987). Both of these standards require vibration magnitude data to be calculated using vibration 
dose value, which accounts for the frequency, magnitude and length of the exposure to the 
vibration under investigation.  However, acceleration information is obtained for three axes and 
the resultant axis under the British Standard, while only the most severe axis acceleration is 
obtained for the ISO standard. Both standards express vibration exposure limits in terms of time, 
establishing these limits based on comfort levels and decreased proficiency due to fatigue.   
In the Paddan and Griffin study that measured vibrations in 100 different vehicles, results 
were assessed relative to both ISO and British standards (Paddan & Griffin, 2002). The range of 
vibration amplitudes for all the vehicles tested ran from 0.14 m/sec
2
 to 1.52 m/sec
2
. Paddan and 
Griffin found that the majority of the measurements indicated that the location which measured 
the worst frequency-weighted accelerations was the vertical axis of the seat pan. The vibration 
evaluations that were calculated in accordance with the ISO standard resulted in lower values 
than those calculated with the British standard, which consequently resulted in a lower likelihood 
of exceeding the “health guidance caution zone” proposed in the ISO standard versus reaching 
the “action zone” of the British standard. The lack of uniformity between the international 
standards used to evaluate the potential hazard of vehicular vibrations makes it difficult for 
conclusions to be made about the physical characteristics of vibrations or how vibrations can be 
harmful.  
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Although conclusions cannot be drawn about the direct effects of vibrations on human 
health, some general observations can be made about how the human body can be affected by 
shocks and vibrations. Effects from vibrations are frequency, magnitude, direction, and duration 
dependent. Relative discomfort or danger related to a specific magnitude vibration must also be 
correlated to the frequency, direction and duration of that vibration. Table 1 below displays the 
natural frequencies of the human body as summarized by Paschold (2008, p.54). Human 
biological systems are most sensitive to vibrations which resonate that the same frequencies as 
their natural frequencies. This means that the effects of vibrations are dependent on factors both 
external and internal to the human body.  
Table 1: The natural frequencies of the human body and its various parts as summarized by 
Paschold 
Study authors Natural frequency (Hz) Body, part or organ 
Randall, Matthews & Stiles, 1997 12 Whole body, standing 
Brauer, 1994 4 -6 Whole body, seated 
Brauer, 1994 3- 4 Whole body, supine 
Wasserman, 1996 4- 8 Whole trunk, vertical 
Kroemer and Grandjean, 1997 4* Lumbar vertebrae  
Brauer, 1994 20-30 Head, relative to body    
Kroemer and Grandjean, 1997 5-30* 
SafetyLine Institute 20- 30 
Mansfield, 2006 20  
Eyes Kroemer and Grandjean, 1997 20- 70* 
SafetyLine Institute, 2007 20- 90 
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Kroemer and Grandjean, 1997 5* Shoulder girdle 
Kroemer and Grandjean, 1997 3- 6* Stomach 
SafetyLine Institute 4- 5 
Kroemer and Grandjean, 1997 4- 6* Heart 
Kroemer and Grandjean, 1997 
 
10-18* Bladder 
*seated posture 
Effect of Vibrations on Ambulance Patients 
 While there is substantial literature and international standards to back up claims made 
about vehicle comfort, there are few studies that link vehicle vibration to health or injury risks. In 
the case of ambulance patients, physiological effects of exposure to shocks and vibrations are 
generally limited to the short-term, acute effects of ambulance travel, which are difficult to 
define because of the patients’ compromised health conditions which are pre-existing. While 
there have been an array of experimental studies that have attempted to characterize the effects 
of ambulance vibrations on patients being transported, the human physiological responses to 
vehicular vibrations are not well enough understood to draw concrete conclusions. 
 In their study involving the monitoring of patients being transported in ambulances, 
Waddell, Scott, Lees and Ledingham discovered that the direct physiological stimuli from riding 
in the ambulance, including the vibrations felt and noise from sirens, as well as the limited ability 
of emergency medical service personnel to perform diagnostic and care procedures while in the 
moving vehicle caused a variety of cardiovascular and respiratory effects in patients (Waddell, 
Scott, Lees, & Ledingham, 1975). In another study, 7 percent of patients diagnosed with either 
myocardial infarctions or unstable angina prior to transport experienced arrhythmias, chest pain, 
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hypotension, and cardiac arrest during ambulance transport (Schneider, Borok, Heller, Paris, & 
Stewart, 1988).  In a similar study by Griffin, vertical vibrations in the 1-20 Hz range were 
shown to cause increases in heart rate and blood pressure measurements, which could be 
potentially dangerous to individuals with existing cardiovascular conditions (Griffin, 1990).  
While drawing conclusions from these experimental studies is difficult, it is apparent that 
there are some significant effects on critically ill patients caused by the stress and physiological 
stimuli during ambulance transport. The studies have also shown that the vertical vibrations 
experienced in the ambulance patient compartments often exceed the limits in place for healthy 
adults, which could likely have adverse effects on pediatric and ill patients travelling in 
ambulances. More studies should be done to further understand the possible direct physiological 
effects of whole-body vibrations on patients.  
Effect of Vibrations on Emergency Medical Service Personnel and Patient Care 
 Vibrations can have several effects on the ability of emergency medical service personnel 
to care for patients in the back of a moving ambulance, ranging from physical limitations to 
equipment malfunction. Important medical procedures that require high perception, motor and 
control skills are often completed before transport because of the impact that shocks and 
vibrations can have on these functional skills. In addition to the physical difficulties in 
performing medical procedures in a moving ambulance, some medical equipment used to aid in 
the diagnosis or treatment of patients can also malfunction as a result of the vibrations felt in the 
patient compartment of the ambulance.  
 Visual perception is one of the most effected of the senses when exposed to shocks and 
vibrations. Movement of the observer, of what is being observed, or a combination of both can 
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cause blurred vision. Vibrations below 2 Hz do not typically effect visual perception because of 
the ability of the eye to move and follow moving objects. However, vision becomes 
compromised as vibration frequencies reach around 10 Hz because the human vision system can 
no longer accurately adjust for the displacement of the image on the retina. Vibrations with 
frequencies about 20 Hz also begin to effect resonances within the human eye muscles and can 
cause even more distortion of visual perception (Griffin, 1990).  
 According to Griffin, there are three causes of vibration-affected manual skills: (1) 
vibration-correlated error, (2) input-correlated error and, (3) remnant. Vibration-correlated error 
is caused by vibrations that are transmitted through the body to the arm and hand. Vibrations 
reach a maximum affect around 4-5 Hz when transmitted through the human body (Griffin, 
1990). Figure 3 shows the vibration transmission to an outstretched hand when in a seated 
position. The random vertical vibrations produced large displacements of the hand in the x and z 
axes in the range of 2-6 Hz frequencies. The largest displacements occurred between 4-8 Hz in 
the y axis. The graphs show curves for hands outstretched to different distances and also holding 
weight.  
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Figure 3: Transmissibility to the hand of vertical vibrations applied to a seated subject as 
measured by Griffin 
 In input-correlated error described by Griffin relates to the error due to limitations of the 
human visual and motor system. These errors are present even in the absence of shocks and 
vibrations, but can become more apparent when skills are affected by vibrations. Also, the 
remnant error is an inherent error that accounts for human and biological control systems acting 
in a non-linear fashion when completing a complex visual-motor function. An example of 
remnant error is the tendency for a person to slow down the execution of a task to improve the 
accuracy of completing that task (Griffin, 1990). 
The total positioning error is the sum of all of the types of errors described above. This 
total error can be expressed as a root mean square tracking error, in dimensions of length. The 
total error in visual-motor tasks reaches a peak value at 4-8 Hz frequencies, which is the range 
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that causes the highest values of vibration-correlated error. Vibration-correlated error and total 
error both increase with increasing acceleration magnitudes. This is shown in Figure 4 which 
depicts a handwriting legibility test during which participants were asked to write on a hand-held 
clipboard while subject to whole-body vibrations at increasing amplitudes and frequencies 
(Griffin, 1990).   
 
Figure 4: Handwriting samples of individuals subjected to whole-body vibrations as presented 
by Griffin (1990) 
 
Figure 5 also depicts a study that demonstrates the frequency range of vibration-
correlated errors. In this study a tracking task was performed by seated individuals subjected to 
sinusoidal vertical vibrations at 3.15 and 5.0 Hz (Griffin, 1990).  
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Figure 5: Total and breakout error in visual motor tasks as a function of vibration amplitude as 
reported by Griffin (1990) 
 
The physical effects of shocks and vibrations on the perception, motor and control skills 
of emergency medical personnel performing in the back of an ambulance cause much of the 
important and sensitive medical procedures to be performed before transport begins, to avoid 
unintentional errors or unnecessary stress.  
 The limitations of emergency medical personnel are not only limited by the physiological 
effects of shocks and vibrations, but also are inhibited by the malfunctioning of sensitive medical 
equipment when subject to vibrations in the back of an ambulance. When speaking with 
emergency medical personnel at UMass Medical Center in Worcester, MA, equipment 
malfunction was a major factor in degradation of patient care in an ambulance. Personnel 
discussed the limitations associated with using any medical instrument that required auditory 
perception, such as using a stethoscope to hear heart and chest sounds or to make blood pressure 
measurements. Portable electrocardiogram machines used as a major diagnostic tool by 
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emergency medical personnel was also said to be unreliable when used in the moving vehicle, 
historically giving false readings.  
 Electrocardiogram machines are used to take a “snapshot” of how the human heart is 
functioning, and are often considered the most powerful and important piece of diagnostic 
equipment on the ambulance. An electrocardiogram has twelve electrodes, or leads, are attached 
to the body across the chest, abdomen, legs and arms to detect and measure electrical signals 
coming from the heart (Healthwise, Inc., 2008). The signals are then translated into outputs, 
usually digital or printed graphs. Malfunction of this equipment is affected by vibrations in 
several ways, but most apparent in the sensitivity of the electrodes and connecting wires. When 
the wires and electrodes are exposed to shocks and vibrations, it correlates to incorrect heart 
measurements because the machine cannot distinguish the external “noise” factors present. False 
outputs of this machine can have drastic effects on patient diagnosis and treatment.  
 Blood pressure, a basic triage measurement taken for all patients, can be measured both 
manually and automatically. However, both methods of measurement are affected by exposure to 
vibrations in a moving ambulance. Manual blood pressure measurement makes use of a inflator 
cuff which cuts off circulation in the arm until no blood is flowing through to the lower arm. A 
stethoscope is used to hear when the first beat is heard as the cuff deflates (Pickering, et al., 
2005). Auditory perception is a necessary element in taking a manual blood pressure 
measurement, which can be made very difficult because of the noise associated with the moving 
ambulance, as well as outside of the ambulance. Automatic blood pressure measurement devices 
also use an inflation cuff to cut off blood circulation to the lower arm. As the cuff deflates, the 
machine records when it detects the pressure to no longer be steady, but pulsating. This pulsating 
pressure indicates the systolic blood pressure number, and a return to steady pressure indicates 
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the diastolic pressure measurement. This device can easily malfunction if vibrations caused by 
transport affect the pressure measures in the cuff as the arm is jostled (Kinast, 2005). Personnel 
at UMASS indicated that the use of automatic blood pressure monitors have had limited success 
being used in ambulances because of their sensitivity to shocks and vibrations.  
Summary 
 Many experimental studies have shown the relationship whole-body vibrations and 
degraded perception and motor skills. In addition, it is accepted that whole-body vibrations have 
negative health effects on the human body at certain magnitude and frequencies, and can cause 
high levels of discomfort in individuals with extended exposure. A reduction in the vibrations 
that are transmitted to the patient compartment of an ambulance would allow for emergency 
medical service personnel to perform more effectively and lead to better diagnosis and treatment 
of patients during transport, subsequently reducing the time it takes for a patient to reach the 
hospital. Reductions in vibrations would also ensure better patient comfort and reduce the health 
risks that may be associated with exposure to vibrations while being transported. 
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CHAPTER 3: METHODOLOGY 
  The goal of this project was to develop and model an active force plate design that would 
work to suppress the most harmful vibrations transmitted through the current standard ambulance 
suspension system. The project will be completed in three steps: (1) experimentally characterize 
vibrations experienced during a typical ambulance ride, (2) process and analyze the vibration 
data collected to correlate the human physiological effects, and (3) analytically determine a 
model force plate design that would successfully attenuate harmful vibrations experienced in the 
ambulance.  
Ambulance Vibration Characterization 
 In order to characterize the vibrations experienced in the back of an ambulance, 
experimental testing was done on four different ambulances in the New England area. Each of 
the ambulances was driven over four different types of road surfaces within three different speed 
ranges.  
 Vehicle selection 
The four ambulances tested for this project included both Type I and Type II model 
configurations. The ambulances were built on four different chassis, including a Chevrolet C-
4500, a Ford E-450, an F-450, and an F-550. Three of the ambulances featured classic leaf spring 
and shock absorber suspension systems and one featured an air ride suspension system. All four 
of the ambulances were manufactured in different years, including two newer ambulances and 
two older ones. All of the ambulances were also built to KKK-A-1822 star-of-life standards. 
Characterization of the four ambulances is outlined in Table 2 below.  
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Table 2: Test Vehicle Characteristics 
 Date of 
test 
EMS Body 
mfg. 
Mfg. Yr. 
Chassis 
Suspension Type Class GVW 
(lbs) 
Tires 
 
1 
 
12/2009 
 
UMASS 
Memorial 
EMS 
 
Horton 
 
2005 
Ford 
F450 
 
Standard 
leaf spring 
& shock 
absorber 
 
I 
 
1 
16000 
225/70 
R19.5 
 
 
2 
 
12/2009 
 
Putnam, CT 
EMS 
 
Lifeline 
 
2001 
Ford 
E450 
 
Standard 
leaf spring 
& shock 
absorber 
 
III 
 
1 
14050 
225/75 
R16 
 
 
3 
 
12/2009 
 
UMASS 
Memorial 
EMS 
 
Braun 
 
2008 
Chevy 
C4400 
 
Standard 
leaf spring 
& shock 
absorber 
 
I 
 
1 
16500 
225/70 
R19.5 
 
 
4 
 
12/2009 
 
Woodstock, 
CT 
EMS 
 
 
Lifeline 
 
2009 
Ford 
F550 
 
Air ride 
 
III 
 
5 
17950 
225/70 
R19.5 
 
 
 Photographs of each of the vehicles tested as well as detailed specifications for each can 
be found in Appendix A of this report.  
 Road surface selection 
 The four common road surfaces found in the New England area were characterized as 
highway, secondary road, city street, and unpaved road. The four different road surfaces were 
used in this experiment to ensure comprehensive results that included a broad range of 
vibrations. Photographs of each of the four road surfaces are shown in Figure 6 below.  
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Figure 6: Photographs of local road surfaces including: (a) unpaved roads, (b) city streets, (c) 
secondary roads, and (d) highways 
 
 In addition to the typical road surfaces, random shocks due to road surface irregularities 
were also included when testing the ambulances on each type of road surface described above. 
These irregularities included potholes, speed bumps, and severely worn or crowned road 
surfaces.  
 Speed range selection 
 The three different speed ranges used during experimentation in the ambulances were 
speeds less than or equal to 35 miles per hour, speeds anywhere between 36 and 64 miles per 
hour, and speeds greater than or equal to 65 miles per hour. Not all vehicle speeds were tested 
over each of the road surfaces because drivers were limited by posted speed limits as well as 
road surface conditions. Table 3 outlines the road surface and speed range combinations that 
were tested to obtain the most comprehensive results.  
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Table 3: Road surface and speed range combinations for testing 
Road 
Surface 
 
≥ 65 mph 
Speed 
36-64 mph 
 
≤ 35 mph 
Highway       
Paved secondary road      
Paved city street      
Unpaved road     
 
Experimental Set-Up 
Steps were taken to ensure that the experimental set-up was the same in each of the four 
ambulances tested. Each test included appropriate loading to mimic the loading of a real 
ambulance service run by the use of a Laerdal Nursing Anne full-body, articulated training 
manikin strapped to the standard transport stretcher of the ambulance being tested. Loading of 
the emergency medical technicians in the ambulance were mimicked by individuals conducting 
the experiments riding the back of the ambulance with the stretcher and manikin. The 
experimental set-up with and without the loaded stretcher are depicted in Figure 7 below.  
 
Figure 7: Experimental set-up before and after loading the manikin on the stretcher 
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The accelerometer used to take measurements for the experiment was attached to the 
floor of the ambulance using 2 inch wide, 0.012 inch thick, Shurtape DF 550 double-stick carpet 
tape, and was located approximately 50 inches (+/- 5 inches depending on the ambulance 
configuration) from the back of the ambulance compartment and 35 inches (+/- 5 inches) from 
the side of the ambulance compartment. This position was chosen because of its rough 
orientation with the location of where the patient’s chest would be located. Orientation of the 
axes of the accelerometer was set-up as shown in Figure 8 below.  
 
Figure 8: Axes orientation in ambulance compartment 
The accelerometer axes location with respect to the vehicle where such that the x-axis 
extended side-to-side of the ambulance, the y-axis extended from front to back of the ambulance, 
and the z-axis extended from the floor to the ceiling of the ambulance.  
Acceleration recorder 
The accelerometer used during these experiments was an Instrumented Sensor 
Technology EDR-3C-10 Shock & Vibration Sensor/Recorder. This recording device is equipped 
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with a built-in tri-axial accelerometer for simultaneous measurement of accelerations in all three 
axes. The device also features three piezo resistive elements which provide the low frequency 
response (true DC) which was required to collect vibration data at the frequencies of interest 
during this experiment.  Detailed specifications for the device can be found in Appendix B of 
this report. The sensor is shown in Figure 9 below.  
 
Figure 9: Photograph of IST EDR-3C-10 Sensor 
Each road type and vehicle speed range combination was sampled multiple times for each 
ambulance in discrete ten second intervals called events. In addition to providing acceleration 
data, the device also captured and recorded the date and time for each of the measured events.    
Approximately 70, 10-second events were recorded for each vehicle.  All events were sampled 
498.8 times per second (498.8 Hz) for acceleration values.  Additionally, a remote trigger switch 
was used to manually initiate recording of the acceleration data for each event.  The start time of 
each event was logged on data sheets which could later be inspected to match the acceleration 
data to the road type and vehicle speed range being tested.   
Other instruments used with the accelerometer included a Toshiba Satellite L-305 laptop 
computer running EDR3CCOM and IST Dynamax software to set-up and calibrate the 
accelerometer and a wired remote toggle switch which allowed for data to be recorded only 
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when traveling over the road surfaces being tested. The computer was connected to the 
accelerometer via a serial cable at the start of each experimental run in order to download set-up 
parameters and engage the unit. The device was set to auto-calibrate before the recording of each 
event. Data stored in the memory of the recorder was downloaded to a computer after each 
ambulance was tested for long-term storage and analysis.  
Data Processing and Analysis 
 The vibration data collected from the accelerometer after testing included time domain 
accelerations from all three axes as well as the root mean square acceleration. Using the 
Dynamax proprietary software provided by IST, peak acceleration values from all three axes and 
the RMS accelerations were also obtained. In order to characterize the vibrations experienced in 
the ambulances in relation to their impacts on passengers according to the ISO measurement 
standards, two additional data sets were generated using Microsoft Excel. This data included 
mean RMS acceleration values for each measured axis and mean peak accelerations in each axis. 
Mean RMS values specified the overall vibration levels experienced when traveling over certain 
roads within certain speed ranges, while the mean peak values showed the magnitudes of the 
vibrations likely caused by the road irregularities, such as potholes.   
Force Plate Model Development and Analysis 
 For the last portion of this project, a model force plate design was developed and 
analyzed. Using the vibration data collected experimentally, forcing functions were derived and 
used as inputs to the model to discover the feasibility and reliability of the force plate design as a 
solution to attenuating the harmful vibrations experienced in the ambulance.  
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CHAPTER 4: RESULTS AND DISCUSSION 
Event Description 
For this experiment each ambulance was tested on certain road surfaces within certain 
speed ranges in 10 second intervals called events. The event numbers for each vehicle 
categorized by road surface and vehicle speed range are given in Table 4 below.  
 
Table 4: Test and Event Numbers 
 
Amb 
# 
 
 
Total 
# 
events 
 
Event
1
 #’s 
Highway Secondary 
road 
City 
street 
Un-
paved 
road 
≤35 
mph 
36-64 
mph 
≥65 
mph 
≤35 
mph 
36-64 
mph 
≤35 
mph 
36-64 
mph 
≤35 
mph 
1 64 1-3 4-6; 
15-20 
7-14 21-23; 
27-29 
24-26; 
30-32 
41-64 38-40 33-37 
2 63 1-3 4-6; 
10-15 
7-9; 
16-18 
25-27; 
50-52 
31-33; 
58-60; 
19-24; 
44-49; 
61-63 
28-30 34-43 
3 71 1-3 4-6 7-15 16-18; 
22-24 
19-21 34-58 31-33 25-30 
4 93 16-18 19-24; 
31-35 
25-30 4-6; 
10-12 
1-3; 
13-15; 
41; 
43-45 
7-9; 
34-36; 
49-58; 
68-70; 
77-82; 
91-93 
37-39; 
59-67 
71-76 
1Each event represents a 10 second recording interval. 
 
Vibration Amplitude Data 
The data collected as part of the experiment for this project provide characterizations 
such as magnitude and frequency spectra necessary to evaluate the effects of the vibrations 
experienced in the patient compartment of an ambulance according to ISO standardized 
measures. Acceleration data was collected for the x, y, z, and resultant axes, with both peak axis 
data and total vibration values reported.  However, for the purposes of this project, vibrations 
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experienced in the z-axis, or vertical axis, were the focus of the analysis. The raw vibration 
amplitude data collected from the experiment are presented in Appendix C of this report.  The 
data includes z-axis, worst axis and resultant, tri-axial accelerations for overall vibrations (mean 
RMS), and shock accelerations (maximum peak and mean peak).   
Characterization of ambulance vibration amplitude data by vehicle  
The data collected from each ambulance test was analyzed to evaluate the differences 
between the vibrations experienced from vehicle to vehicle. Table 5 below lists the overall 
magnitude of the z-axis vibrations as well as the magnitudes of the average peak vibrations for 
each separate ambulance in terms of the mean rms acceleration values and the mean peak 
acceleration values.  The results are also shown graphically in Figure 10.  
Table 5: Vibration magnitudes separated by vehicle 
Overall magnitude of 
vibrations 
z-axis 
Magnitude of bumps and shocks 
z-axis 
Mean RMS 
(m sec-2) 
Mean peak 
(m sec-2) 
For ambulance #1, all speeds, all road surfaces 
 Min Max s n  Min Max s n 
1.15 0.60 2.41 .55 64 6.08 3.44 13.56 3.2 64 
For ambulance 2, all speeds, all road surfaces 
 Min Max s n  Min Max s n 
0.83 0.62 1.05 0.16 63 3.88 2.88 5.36 0.96 63 
For ambulance #3, all speeds, all road surfaces 
 Min Max s n  Min Max s n 
1.34 0.71 2.55 0.56 71 7.03 3.90 15.45 3.64 71 
For ambulance #4, all speeds, all road surfaces 
 Min Max s n  Min Max s n 
0.64 0.46 0.96 0.16 93 3.20 1.87 4.40 0.86 93 
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Figure 10: Graph of z-axis mean rms acceleration and mean peak acceleration for each 
ambulance at all speeds and road surfaces 
Figure 10 shows that ambulances 1 and 3 (the two ambulance tests run in Worcester, 
MA) experienced higher average and peak accelerations than ambulances 2 and 4 (the two 
ambulance tests that were run in Connecticut). Looking further at the data, which is presented in 
Appendix C of this report, there do not appear to be significant differences between measured 
vibrations taken on the same road surfaces within the same speed ranges in different ambulances. 
This means that the differences between the ambulances that appear in the graph in Figure 10 are 
likely caused by another factor, such as driver handling or road conditions and could be deemed 
insignificant for the purposes of this project.  
 Characterization of ambulance vibration amplitude data by road surface 
The data collected for each ambulance was then analyzed to evaluate the differences 
between the vibrations experienced over the four different road surfaces. Table 6 lists the 
magnitudes of the overall average z-axis vibrations and of the average peak z-axis vibrations 
experienced separated by the four different types of road surfaces tested. The results are also 
shown graphically in Figure 11.  
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Table 6: Vibration magnitudes separated by road surface 
Overall magnitude of vibrations 
z-axis 
Magnitude of bumps and shocks 
z-axis 
Mean RMS 
(m sec-2) 
Mean peak 
(m sec-2) 
 
For all speeds, all ambulances, highway travel 
 Min Max s n  Min Max s n 
0.89 0.59 1.63 0.31 73 4.28 3.07 7.25 1.20 73 
For all speeds, all ambulances, secondary road travel 
 Min Max s n  Min Max s n 
0.93 0.50 1.34 0.28 49 4.65 2.50 6.42 1.40 49 
For all speeds, all ambulances, city street travel 
 Min Max s n  Min Max s n 
0.90 0.60 1.29 0.26 110 4.90 2.92 8.03 1.71 110 
For all speeds, all ambulances, unpaved road travel 
 Min Max s n  Min Max s n 
1.54 0.46 2.55 1.09 27 8.44 1.87 15.45 7.06 27 
 
 
Figure 11: Graph of z-axis mean rms acceleration and mean peak acceleration for each road 
surface for all ambulances at all speeds 
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The results shown in Figure 11 correspond to what was expected to happen between the 
different road surfaces which were tested. The highway has relatively lower vibration 
magnitudes in both overall and peak values than all the other road surfaces, while unpaved roads 
showed the highest magnitude values.  
 Characterization of ambulance vibration amplitude data by vehicle speed 
The data collected for each ambulance was also analyzed to evaluate the differences 
between the vibrations experienced when traveling within the three different speed ranges. Table 
7 lists the magnitudes of the overall average z-axis vibrations and of the average peak z-axis 
vibrations experienced separated by the three different speed ranges tested. The results are also 
shown graphically in Figure 12.  
 
Table 7: Vibration magnitudes separated by vehicle speed ranges 
Overall magnitude of vibrations 
z-axis 
Magnitude of bumps and shocks 
z-axis 
Mean RMS 
(m sec-2) 
Mean peak 
(m sec-2) 
For all road types, all ambulances, speed ≤ 35 mph 
 Min Max s n  Min Max s n 
0.94 0.46 2.55 0.62 151 5.18 1.87 15.45 3.78 151 
For all road types, all ambulances, speed 36 – 64 mph 
 Min Max s n  Min Max s n 
0.99 0.60 1.34 0.26 57 4.92 2.62 8.03 1.68 57 
For all road types, all ambulances, speed ≥ 65 mph 
 Min Max s n  Min Max s n 
1.18 0.96 1.63 0.31 29 4.90 3.50 7.25 1.63 29 
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Figure 12: Graph of z-axis mean rms acceleration and mean peak acceleration for each vehicle 
speed range for all ambulances on all road surfaces 
 
The results depicted in Figure 12 show that there is little significant difference between 
traveling over a variety of road surfaces at the three different speed ranges tested. The reason for 
the closeness in vibration magnitudes could be due to the fact that the most significant vibrations 
were experienced while traveling over unpaved roads and city streets, where road conditions and 
posted speed limits did not often allow for testing to be done above the 35 mile per hour range. 
This effectively skewed the data in such a way that the lower speed range showed relatively high 
vibration magnitude values.  
Figures 13(a-b) show the results of the mean rms and mean peak z-axis vibration 
magnitude values for the different speed ranges when only considering travel over highway type 
road surfaces, which allows for further analysis of speed ranges as the changing variable of the 
experiment.  In Figure 13(a) it seems that the increase in speed correlates to an increase in 
vibration magnitude, however Figure 13(b) does not show the same correlation as clearly.  
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Figure 13: Graphs of (a) z-axis mean rms vibration magnitudes and (b) mean peak vibration 
magnitudes by three different speed ranges with all ambulances on highways 
 Characterization of ambulance vibration data summary and comparison 
 For the purpose of comparing the data collected from this experiment to the data found in 
other studies, the data was processed to find the minimum, maximum, and mean values for both 
the z-axis and the resultant axis in terms of the overall vibrations experienced and the shock 
vibrations experienced. The overall z-axis magnitudes from all of the ambulance tests had a 
range from 0.46 to 2.55 m/sec
2
 with a mean value of .99 m/sec
2
, while the overall resultant-axis 
magnitudes had a range from .66 to 2.94 m/sec
2
 with a mean value of 1.33 m/sec
2
. The shock 
vibrations experienced in the z-axis, which were likely caused by some irregularity in the road 
surface such as a pothole, ranged from 4.16 to 15.45 m/sec
2
 with a mean value of 5.00 m/sec
2
, 
while the resultant-axis shock vibration magnitudes ranged from 2.88 to 16.08 m/sec
2
 with an 
average of 5.64 m/sec
2
. These values are represented graphically in Figures 14 and 15.  
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Figure 14: Graph of overall magnitude of z-axis and resultant-axis mean rms accelerations 
 
Figure 15: Graph of shock magnitude of z-axis and resultant-axis mean peak accelerations 
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 Using these average values for both the overall vibrations and the average peak 
accelerations experienced in the ambulance, the data collected as part of this project was 
compared to data found in literature. Table 8 lists several ambulance vibration studies and shows 
that although there is variability in values from different studies, data collected as part of this 
project are within appropriate range of accelerations found in those studies.  
Table 8: Comparison of vibration magnitude data 
 
Study 
Authors 
Max 
Peak  
accel.  
(m s
-2
) 
Mean 
R.M.S.  
accel.  
(m s
-2
) 
Road profile 
description 
Measurement 
configuration 
 
Cotnoir & 
Klegraefe, 
2010 
 
16.08 
 
1.78 
Highway, 
Secondary 
Roads, City 
Streets & 
Unpaved 
roads 
Triaxial vector sum 
(Resultant Axis) 
 
15.45 
 
1.04 
Vertical axis on compartment 
floor 
Sherwood, 
et. al., 1994 
15 -- 
City & 
highway 
Triaxial vector sum 
measurement on mannequin 
forehead, vehicle floor and 
base of isolette 
Bellieni, et. 
al., 2004 
11.8 1.3 
City & 
highway 
Vertical axis in isolette, on 
passenger seats, & on driver’s 
seat 
Shenai, et. 
al., 1981 
5.0 – 
13.0 
2.2 – 6.0 
Highway @ 
48 mph 
Vertical axis on supine infant 
head, abdomen, thigh 
Silbergleit, 
et. al., 1991 
3.1 – 8.1 0.7 – 1.9 
Bumpy road, 
city road and 
highway 
Triaxial vector sum 
measurement on standard 
backboard at head position 
Mcnab, et. 
al., 1995 
0 – 1.7 0.0 - 0.7 
Bumpy road, 
city road and 
highway 
Triaxial vector sum 
measurement from acoustical 
measurements 
Pichard, et. 
al., 1970 
0.16 - 
0.85 
-- 
City & 
highway 
Z-axis, head-to-toe of 
recumbent patient 
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Data Analysis 
Once the ambulance vibration data was characterized and found to be comparable to 
studies already completed, the data could then be correlated to the human physiological impacts 
associated with the amplitudes and frequencies experienced in the ambulance.  
The Dynamax software that came with the Instrumented Sensor Technology 
accelerometer which was used for experimentation was capable of outputting the data collected 
as a time domain function and also had the capability of creating a power spectrum density 
(PSD) plot from the data. The PSD graphs showed the distribution of energy in the form of 
power over the frequency domain, which showed at which frequencies the energy in the 
vibrations peaked. Although the accelerometer device used in the experiment recorded data for 
all three axes, for the purpose of this project only the z-axis data was needed. Below is an 
example of the z-axis acceleration time domain function as well as a z-axis PSD plot. These 
graphs are representative of the data collected from ambulance 3 driven over a highway road 
surface at speeds greater than 65 miles per hour. Time domain graphs and PSD plots for more of 
the experimental tests are given in Appendix D of this report.  
 
Figure 16: Z-axis acceleration time history for ambulance 3 on a highway at +65 mph 
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Figure 17: Z-axis power spectral density plot for ambulance 3 on highway +65mph 
Though only one test run is represented in the graphs above, many of the time history 
graphs and PSD plots for other test runs in this experiment showed very similar results. All of the 
PSD plots showed that the concentration of energy experienced in the ambulances was below the 
10 Hz level, with most of the highest peaks in the plots occurring between the 0.12 Hz and 5.50 
Hz markers. 
Human Physiological Response to Ambulance Vibrations 
  Effects on patient safety and comfort 
 The vibration data collected for this experiment had an average magnitude between 0.46 
and 2.55 m/sec
2
 at frequencies between 0.1 and 6 Hz. These types of vibration magnitudes and 
frequencies coincide with the natural frequencies of many of the human body systems, as 
indicated in Table 1, and can impact these systems negatively, particularly in patients who may 
already be in compromised situations. Some of the systems that can be affected by vibrations 
experienced in an ambulance have been superimposed on a PSD plot of ambulance 3 traveling 
on the highway at speeds greater than or equal to 65 miles per hour in Figure 18. The lines with 
each body system indicate the frequencies at which the particular system naturally resonates, 
which is where that system is most susceptible to interference from vibrations.  
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Figure 18: Physiological effects of superimposed on PSD graph of z-axis PSD from ambulance 3 
on a highway at +65 mph 
Although the comfort of humans exposed to the type of whole-body vibrations that are 
experienced in an ambulance is hard to quantify, there are general observations that have been 
made about the tolerance levels of humans exposed to these vibrations. Wong does provide an 
estimated set of guidelines for human responses to whole-body vibrations such as the ones 
experienced in a traveling vehicle (2008). These guidelines are represented in the graph shown in 
Figure 19 with the average z-axis vibration data values from this experiment superimposed 
within. Though the graph only shows the mean value of the vibration magnitudes reaching the 
“fairly uncomfortable” level presented by Wong, it is understood that the guidelines are 
conservative estimates that are intended to be measured using multiple axis root mean square 
values. In this case, the z-axis values from this experiment are lower than what would be found 
using all three axes to find an average.  
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Figure 19: Effects of vehicle ride on comfort superimposed on a graph of the mean RMS z-axis 
accelerations 
There are also guidelines set forth by the Society of Automotive Engineers (SAEJ670e, 
1978) and the International Standard (ISO 2631-1978(E)), which provide the least conservative 
and most conservative values of human tolerance levels. These two standards are represented in 
Figure 20 with the yellow block representing the mean z-axis vibration magnitudes and the red 
block representing the mean z-axis peak vibration magnitudes. The graph shows that much of the 
z-axis mean peak values exceed both standards’ tolerance limits, and that several of the average 
z-axis values exceed the SAE tolerance limit. 
Not uncomfortable 
A little uncomfortable 
uncomfortableNot 
uncomfortable 
Fairly uncomfortable 
Uncomfortable 
Very Uncomfortable 
uncomfortable 
Extremely uncomfortable 
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Figure 20: Human tolerance limits for vertical vibration with the mean and peak z-axis 
accelerations superimposed. (Human tolerance values adapted from Gillespie, 1992, p. 183) 
 Effects on personnel performance and patient care abilities 
 Because so many of the tasks performed by emergency medical personnel require the use 
of eye-hand coordination and fine motor skills, impedance and errors caused by the presence of 
whole-body vibrations can affect how the personnel interact and care for patients traveling in an 
ambulance. The graph in Figure 21 depicts the average tracking errors of individuals exposed to 
whole-body vibrations at 3.5 and 5.0 Hz frequencies. The yellow block superimposed onto the 
graph indicates the data collected as part of this experiment, with the dotted line representing the 
RMS average value.  
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Figure 21: Average tracking error associated with whole body vibration with the mean rms z-
axis accelerations superimposed. (Tracking error values adapted from Griffin, 1990, p. 153) 
 The intersections between the measured RMS values from this experiment and the study 
conducted by Lewis and Griffin show that at 3.5 Hz there was a total tracking error of 
approximately 10.5 millimeters and at 5.0 Hz there was a tracking error of approximately 12.5 
millimeters. These tracking error values would have significant ramifications on the performance 
of important tasks that may need to occur in the back of an ambulance, such as inserting an 
intravenous line to administer medicine, or the insertion of nasal cannulas to aid patient 
breathing.   
 Another study completed by Moseley and Griffin (1986) tested the average reading errors 
of people subjected to various whole-body vibrations. Participants were asked to read characters 
that were 1.1 millimeter high from a distance of 750 millimeters while both themselves and the 
display were exposed to vibrations from 1.0 to 2.5 m/sec
2
 over a range of frequencies from about 
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0.4 Hz to 4 Hz. Again, the yellow block is representative of the z-axis mean vibration magnitude 
values measured in this experiment and show that reading errors associated with such vibrations 
range from 30 up to 80 percent. Such reading errors occurring during patient transport could 
impact the abilities of medical personnel to read medicine labels or medical equipment read-outs 
and displays.  
 
Figure 22: Vibration spectrum of z-axis excitation and associated reading errors with rms z-axis 
accelerations superimposed 
 In addition to affecting the reading abilities of medical personnel, whole-body vibrations 
were also shown to have impacts on writing ability in a study also conducted by Griffin (1990). 
Figure 23 shows some of the results from this study, with a clear degradation of legibility as 
acceleration magnitudes increased at the same frequency range of 4.5 Hz, a frequency level at 
which the data collected in this experiment shows significant vibration energy.  
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Figure 23: Amplitude and frequency of ambulance vibration and examples of associated 
handwriting performance (Data adapted from Griffin, 1990, p. 139) 
Force Plate Model Development 
 The final leg of this project required the use of the vibration data collected from 
experimentation as an input into a designed force plate system to test its functionality and 
reliability as a source of vibration attenuation in an ambulance. The forcing functions found from 
the data gathered during experimentation allowed for analytical validation of the force plate 
model design.  
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 The force plate design needed to incorporate measures that would aim to attenuate the 
most harmful vibrations experienced in the ambulance patient compartment. The previous 
sections of this report explain that the vibrations that fall into the category of being harmful to 
human physiology and discomfort are typically in found to have frequencies in the range of 1 to 
10 Hz. Therefore, for the purpose of this project, the force plate model was designed to work to 
attenuate the low frequency vibrations rather than the high frequency noise vibrations shown in 
the data.  
 An analytical vehicle ride model has been developed for the ambulance and is depicted in 
Figure 24. This is a seven degree-of-freedom model that takes into consideration both sprung and 
unsprung masses in the vehicle and a number of other variable parameters.  
 
Figure 24: 7-degree-of-freedom model 
 This generalized ambulance model can be further simplified by reducing it to a quarter-
car model and focusing in on only the vertical accelerations that are pertinent to this project. 
Several authors have made note that using this quarter-car model is sufficient in initial 
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suspension design analysis and takes into consideration all the necessary components to evaluate 
passenger comfort (Gobbi and Mastinu, 2001; Wong, 2008; Gillespie, 1992).  
 
Figure 25: Quarter-car ambulance model 
 Treating the quarter-car model as a two-degree-of-freedom model assumes that the tires 
are mass-less springs, but still takes into consideration the sprung and unsprung masses of the 
vehicle. This type of analysis is considered adequate for evaluating systems exposed to vibration 
frequencies up to 50 Hz (Genta, 1997, p. 392). However, for this project, a single-degree-of-
freedom model was chosen because the following assumptions could be made: 
1. The vehicle vibrations of interest are only in the vertical direction. 
2. The stiffness and damping effects of the tire could be neglected. 
3. The tire has good traction and never leaves the road surface (tire hop is not an issue). 
4. The frequencies of interest to analyze are low, typically below 10 Hz, and in the 
neighborhood of the natural frequency of the sprung mass. 
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 The single-degree-of-freedom model, unlike the two degree-of-freedom model, considers 
the tires to be rigid bodies and does not take into consideration the unsprung mass of the vehicle. 
The single degree-of-freedom model is shown in Figure 26 with all of its parameter listed below.  
 
Figure 26: Single degree-of-freedom quarter-car ambulance model 
  
For the single degree-of-freedom quarter car model: 
ms = sprung mass 
ks = suspension stiffness (leaf springs) 
cs = shock absorber damping 
 vertical displacement of tire at ground contact point 
 vertical velocity of sprung mass, starting at equilibrium position 
excitation force function acting on wheel due to profile of road surface 
 
Model parameter values for the vehicles tested as part of this project are given in Table 9. 
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Table 9: Ambulance quarter-car model parameters 
Parameter SI Units 
ms – sprung mass 2137 kg 
mu – unsprung mass 50 kg 
ks = suspension stiffness 110 kN/m 
kt = tire stiffness 200 kN/m 
ct = tire damping 353 N·s/m 
cs = shock absorber damping 1500 N· s/m 
 
Using Newton’s Second Law to derive an equation of motion for the sprung mass of the 
ambulance leads is standard practice among vehicle vibration researchers (Gobbi & Mastinu, 
2001; Sun, Zhang, & Barak, 2002; Wong, 1993; Gillespie, 1992) and yields the following 
equations and figures. 
 (  1 ) 
The free body diagram of the SDOF model is shown in Figure 27. 
 
Figure 27: Free body diagram of single degree-of-freedom quarter-car model 
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The equation of motion for the system follows as: 
 (  2 ) 
  
We can define the terms , such that they represent the relative displacements, 
velocities and accelerations, respectively, between  the sprung vehicle mass and  the tire at the 
road surface, leading to: 
 (  3 ) 
 (  4 ) 
 (  5 ) 
 (  6 ) 
Substituting equations 5.3 – 5.6 into equation 5.2, and rearranging, yields the equation of 
motion in terms of the forcing function input determined experimentally for this project: 
 ( 7 ) 
Therefore, the forcing function may then be defined as: 
 ( 8 ) 
Since the ambulance sprung mass, suspension stiffness and shock absorber damping 
constants were known for the vehicles tested, measured values of acceleration, along with 
calculated velocities and displacements of the sprung mass were substituted into equation 5.7 to 
calculate the forcing functions for a representative sample of ambulance, road surface, and speed 
range experimental variables tested as part of this project. The collections of forcing functions 
developed are listed in Table 10 according to the variables they represent.     
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Table 10: Forcing function developed for model analysis 
Ambualnce Road Surface Speed 
1 Highway <= 35 MPH 
1 Highway 36  - 64 MPH 
1 Highway >= 65 MPH 
1 Secondary Road <= 35 MPH 
1 City Street <= 35 MPH 
1 Unpaved Road <= 35 MPH 
 
The figures that follow all emerge from the same data set, the test from ambulance 1 
traveling over a highway road surface in the speed range from 36 to 64 miles per hour. From the 
acceleration data gathered from the recording device used during the experiment, the velocity 
and displacement of the sprung mass of the ambulance was calculated in the time domain. All 
three time domain functions are shown in Figure 28 below.  
 
Figure 28: The z-axis (a) displacement, (b) velocity and (c) acceleration time history graphs for 
the sprung mass of ambulance 1 
 Using the values of acceleration collected through experimentation and the values 
calculated for the velocity and displacement, the forcing function for each of the cases was 
derived from the left-hand side of equation 5.7, yielding the time domain graph depicted in 
Figure 29. This graph clearly shows the presence of noise components in the signal, which may 
be attributed to vibrations from the engines and drive trains of the vehicle.  
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Figure 29: Time domain forcing function in the z-axis 
 The final analytical tool used to process and examine the data was a phase portrait plot, 
which is indicative of the stability and linearity of the system being examined. The phase portrait 
plot for this data set is presented in Figure 30, and clearly shows stability, but also multiple 
equilibrium points which indicate non-linearity in the system. This phase portrait further proved 
that the current suspension system in the ambulance is not adequate to sustain the vibrations 
experienced when traveling over common road surfaces.   
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Figure 30: Phase portrait plot for ambulance 1 
 The current suspension system design for most Type I and Type II ambulances consists 
of two multi-leaf, single-stage leaf springs with a ground rating of 4286 kilograms (9450 pounds) 
supported by a solid axle (2008 Ford Trucks body builders layout book, 2007, p58). The 
ambulance is equipped with this simple and stiff suspension system because both the payload it 
is required to bear, reaching to between 1,800 and 2,200 kilograms (4,000 and 5,000 pounds). 
This loading constrains the design because prevents the use of independent suspension systems 
commonly found in passenger cars because they are not stiff enough to support such a heavy 
load.  
 All ambulances manufactured in the United States are built to the specifications laid out 
by the federal star-of-life ambulance standard, KKK-A-1822F which is put out by the U. S. 
General Services Administration (2007).   Of particular importance to this project, there is a 
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specification that regulates the floor height of the ambulance module to be no higher than 34 
inches from the ground. This height restriction is a major constraining factor when considering 
making a change to the suspension system design of the ambulance. This height constraint 
prevents commonly used air ride systems from being used because of their need for large 
volumes of working space between the axle and module floor that would be needed to support 
the payload. 
 With the given constraints on the design, choosing to keep the simple leaf spring 
suspension system is practical, but not ideal. In order to address the insufficiencies of the current 
suspension system, a type of supplementary suspension system would be a possible solution. A 
feasible design solution would be to implement a force plate into the floor of the ambulance 
compartment that would work to suppress the most harmful vibrations from the road surface by 
means of both passive and active attenuating devices. The force plate would fit into the floor of a 
typical ambulance module to support the passengers without needing to support the entire 
payload. Figure 31 shows how the force plate system would fit into the interior of the ambulance 
compartment. The force plate design would consist of two plates in between which small, active 
hydraulics and passive spring and damper systems would be inserted. 
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Figure 31: Top view of force plate fitted into the interior of a 167” ambulance compartment 
 The force plate was then modeled using the 3-D computer aided design software, 
Solidworks for visualization purposes. Figure 32 shows in image of this solid model. The force 
plate display was set to be transparent in order to be able to see the locations of the active and 
passive devices under the plate.  
 
Figure 32: 3-D solid model of the force plate design 
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With the insertion of this supplementary suspension system, the model used previously in 
the chapter then changes to the representation shown in Figure 31. It is simply the single degree-
of-freedom quarter-car model with the force plate system inserted on top.  
 
Figure 33: Force plate system model 
  
 
The parameters for the model in Figure 33 are as follows: 
  ms = sprung mass of vehicle  
mp = mass of force plate and supported load  
kv = stock vehicle stiffness  
cv = stock vehicle damping  
kp = passive stiffness of force plate  
g(z) = active stiffness of force plate  
h(  )= active damping of force plate  
cp = passive damping of force plate  
zg( )= vertical displacement of tire at ground contact point  
1= vertical displacement of ambulance, starting at equilibrium position  
2= vertical velocity of force plate mass, starting at equilibrium position  
( ) = excitation force acting on wheels due to profile of road surface 
 The equation of motion then also takes on a different form, which is given below. 
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( 9 )  
  
Where, 
  = non-linear damping function  
 = non-linear restoring force  
 = control law  
= deterministic divergence parameter  
 =noise intensity parameter  
 = stochastic noise function  
 And, 
   =  − ,   >   
 Additionally, the natural frequency and damping ratio of the system can be given as: 
 
 
 
Finally, substituting these into equation 9 yields the following motion equation for the 
complete force plate model system.  
 
( 10 )  
 
Where:  
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- = ambulance vertical forcing function  
= ambulance vertical displacement  
= ambulance vertical displacement with time delay  
= ambulance vertical velocity  
 = deterministic divergence parameter  
= stochastic noise term 
 
 The right-hand side of this equation is the control law, which allows for design 
parameters for the force plate to be determined in order to best attenuate the vibrations in the 
ambulance to provide a safer, more comfortable ride for both patients and medical personnel. 
Additionally, the collection of data created by this experiment can provide a number of inputs 
into the function so that appropriate designs can be created for a variety of different service area 
profiles.             
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CHAPTER 6: CONCLUSIONS AND RECCOMENDATIONS  
Conclusions 
This project served to accomplish the following goals: 
1. Vibrations experienced during a typical ambulance ride were characterized by time 
histories and power spectral densities to correlate human physiological responses 
during ambulance travel. 
2. The data collected as part of the experiment was processed and analyzed to determine 
a mathematical design model that would adequately capture the motion of the 
complete suspension system with and without supplementary system designs.  
3. A force plate system design, with both active and passive elements included, was 
explored as a possible solution to attenuating the most harmful vibrations experienced 
in the patient compartment of an ambulance while in motion. 
  
Through experimentation, the magnitudes, frequencies and energy of the vibrations 
experienced during a typical ambulance ride were all able to be quantified, both for comparison 
and correlation. Four different ambulances were tested on four different road surfaces at three 
different speed ranges, and accelerations in the z-axis were recorded for further processing and 
analysis. The results of the experiment yielded average vibration magnitudes between 0.46 and 
2.55 m/sec
2
, with the energy of the vibrations concentrated between 0.1 and 6 Hz.  
The frequencies of the vibrations measured as part of the experiment correlated to natural 
resonances of many of human body systems, making them vulnerable to disruption and harm, 
particularly in patients whose health is already compromised, as well as impeding on the 
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performance abilities of medical personnel trying to execute delicate medical procedures. 
Additionally, the average magnitudes and peak magnitudes experienced during experimentation 
were above generally accepted human tolerance levels for comfort.  
Finally, other plots such as phase portraits and forcing functions derived from the data 
were used to develop a mathematical model of a possible suspension system design that included 
the existing suspension system and a supplementary force plate suspension design that included 
both passive mechanical springs and dampers as well as an active component to account for non-
linearities, random events, and time delays. This model will serve as a basis to calculate the 
necessary parameters for a force plate design that would adequately suppress the most harmful 
vibrations experienced in the ambulance.  
Recommendations 
 There is room for further analysis into detailed design requirements for space, material 
selections, economic and technical feasibility of this mathematical model of a force plate 
suspension system as a solution to attenuate harmful vibrations experienced in an ambulance that 
should all be explored.  
 In addition to furthering the work presented in this report, there is huge opportunity in the 
emergency medical field for more vibration research. Medical equipment could be redesigned to 
better withstand the affects of the vibrations experienced while traveling and other attenuation 
systems and designs could be worked into stretchers and mattresses, which would all positively 
impact the emergency service field.    
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APPENDIX A 
Selected test ambulance & chassis specifications 
Ambulance #1  
Ambulance mfg.  Horton Emergency Vehicles Co.  
Date of mfg.  Oct. 2005  
Ambulance type/model  F453-ICT 4x4  
Chassis mfg.  Ford Motor Co.  
Chassis model / yr.  F450 / 2006  
Vechicle type  I  
Vehicle class  1  
Chassis GVWR  16000 Lbs.  
Allowable. Payload per KKK-A-1822  4199 Lbs.  
Tires  225/70 R19.5  
Options  
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Ambulance #2  
Ambulance mfg.  Life Line Emergency Vehicles  
Date of mfg.  May 2001  
Ambulance type/model  Type III Superliner – Floor Plan A  
Chassis mfg.  Ford Motor Co.  
Chassis model / yr.  E450 Super Duty  
Vechicle type  III  
Vehicle class  1  
Chassis GVWR  14050 Lbs.  
Allowable. Payload per KKK-A-1822  3390 Lbs.  
Tires  225/75 R16  
Options  Automatic tire chains  
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Ambulance #3  
Ambulance mfg.  Braun Industries, Inc.  
Date of mfg.  October 2009  
Ambulance type/model  Chief XL  
Chassis mfg.  General Motors Corporation  
Chassis model / yr.  Chevy C-4500 / 2008  
Vechicle type  III  
Vehicle class  5  
Chassis GVWR  16500 Lbs.  
Allowable. Payload per KKK-A-1822  3434 Lbs.  
Tires  225/70 R19.5  
Options  
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Ambulance #4  
Ambulance mfg.  Life Line Emergency Vehicles  
Date of mfg.  August 2009  
Ambulance type/model  Type I Superliner – Floor Plan A  
Chassis mfg.  Ford Motor Co.  
Chassis model / yr.  Ford F-550 / 2009  
Vechicle type  I  
Vehicle class  1  
Chassis GVWR  17950 Lbs.  
Allowable. Payload per KKK-A-1822  4470 Lbs.  
Tires  225/70 R19.5  
Options  Air ride suspension  
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APPENDIX B 
IST EDR3C-10 Detailed specification and calibration data 
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APPENDIX C 
Raw vibration data collected from experimentation 
Highway Road Surface Data 
Table 11: Ambulance vibration amplitudes due to highway travel at speeds ≤ 35mph 
Speed ≤ 35 mph - Highway  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  0.60  0.60  
(z)  
0.80  6.92  6.92  
(z)  
7.48  3.44  3.44  
(z)  
3.96  
2  0.62  0.62  
(z)  
0.87  4.81  4.81  
(z)  
5.58  3.17  3.17  
(z)  
3.44  
3  0.71  0.71  
(z)  
0.87  7.90  7.90  
(z)  
9.13  3.90  3.90  
(z)  
4.46  
4  0.59  1.80  
(x)  
1.96  6.38  6.38  
(z)  
7.69  4.06  4.06  
(z)  
5.39  
 
Table 12: Ambulance vibration amplitudes due to highway travel at speeds 36-64mph 
Speed 36 - 64 mph - Highway  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  0.84  0.84  
(z)  
0.96 10.32 10.32 
(z)  
14.63 5.05 5.05 
(z)  
6.34 
2  0.78  0.78  
(z)  
0.87 4.13 4.13  
(z)  
4.21 3.07 3.07 
(z)  
3.28 
3  1.18  1.18  
(z)  
1.31 10.80 10.80 
(z)  
11.05 5.53 5.53 
(y)  
6.11 
4  0.67  0.67 
(z)  
0.79 5.94 5.94  
(z)  
6.38 3.57 3.57 
(z)  
4.05 
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Table 13: Ambulance vibration amplitudes due to highway travel at speeds ≥ 65mph 
Speed ≥ 65- Highway  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  1.12  1.12  
(z)  
1.36  7.83  7.83  
(z)  
7.95  4.45  4.45  
(z)  
4.89  
2  1.02  1.02  
(z)  
1.26  4.80  4.80  
(z)  
4.86  3.50  3.50  
(z)  
4.15  
3  1.63  1.63  
(z)  
1.81  15.05  15.05  
(z)  
15.16  7.25  7.25  
(z)  
7.62  
4  0.96  0.96  
(z)  
1.12  5.71  5.71  
(z)  
5.80  4.40  4.40  
(z)  
4.69  
 
 
Figure 34: Overall vibration level – highway travel all ambulances all speeds 
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Figure 35: Mean peak vibration level – highway travel all ambulances all speeds 
 
 
Figure 36: Max peak vibration level – highway travel all ambulances all speeds 
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Secondary Road Surface Data 
Table 14: Ambulance vibration amplitudes on secondary roads at speeds ≤ 35mph 
Speed ≤ 35 mph – Secondary roads  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  0.91  0.91  
(z)  
1.23  8.28  8.28  
(z)  
8.35  4.46  4.46  
(z)  
5.14  
2  0.88  0.88  
(z)  
1.16  9.04  9.04  
(z)  
9.04  5.21  5.21  
(z)  
5.56  
3  0.99  0.99  
(z)  
1.10  9.72  9.72  
(z)  
9.72  4.99  4.99  
(z)  
5.23  
4  0.50  0.50  
(z)  
0.66  3.47  3.47  
(z)  
3.94  2.50  2.50  
(z)  
2.66  
 
Table 15: Ambulance vibration amplitudes on secondary roads at speeds 36-64mph 
Speed 36 - 64 mph – Secondary roads  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  1.20  1.20  
(z)  
1.46  7.82  7.82  
(z)  
7.86  6.42  6.42  
(z)  
6.93  
2  1.05  1.05  
(z)  
1.53  7.48  7.48  
(z)  
8.32  5.36  5.36  
(z)  
5.89  
3  1.34  1.34  
(z)  
2.00  8.16  8.16  
(z)  
8.62  5.62  5.62  
(z)  
6.21  
4  0.60  0.60  
(z)  
0.92  3.48  3.48  
(z)  
4.17  2.62  2.62  
(z)  
3.17  
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Figure 37: Overall vibration level – secondary road all ambulances all speeds 
 
 
Figure 38: Mean peak vibration level – highway travel all ambulances all speeds 
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Figure 39: Max peak vibration level – highway travel all ambulances all speeds 
City Street Road Surface Data 
Table 16: Ambulance vibration amplitudes on city streets at speeds ≤ 35mph 
Speed ≤ 35 mph – City streets  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  0.84  0.92  
(x)  
1.50  7.60  7.60  
(z)  
9.62  4.61  4.61  
(z)  
5.60  
2  0.62  0.64  
(z)  
1.15  10.38  10.38  
(z)  
10.48  3.67  3.67  
(x)  
4.30  
3  0.99  0.99  
(z)  
1.32  12.04  12.04  
(z)  
12.14  5.48  5.48  
(z)  
5.92  
4  0.60  0.60  
(z)  
0.97  9.79  9.79  
(z)  
17.87  3.69  3.69 
(z)  
4.74  
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Table 17: Ambulance vibration amplitudes on city streets at speeds 36-64mph 
Speed 36 - 64 mph – City streets  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  1.24  1.24  
(z)  
1.75  7.60  7.60  
(z)  
8.06  6.61  6.61  
(z)  
7.36  
2  0.88  0.88  
(z)  
1.00  6.59  6.59  
(z)  
6.60  4.21  4.21  
(z)  
4.46  
3  1.29  1.29  
(z)  
11.09  11.09  11.09  
(z)  
11.16  8.03  8.03  
(x)  
9.56  
4  0.77  0.77  
(z)  
6.62  4.83  4.83  
(z)  
6.64  2.92  2.92  
(z)  
3.70  
 
 
Figure 40: Overall vibration level – city street all ambulances all speeds 
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Figure 41: Mean peak vibration level – city street all ambulances all speeds 
 
 
Figure 42: Max peak vibration level – city street all ambulances all speeds 
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Unpaved Road Surface Data 
Table 18: Ambulance vibration amplitudes on unpaved roads at speeds ≤ 35mph 
Speed ≤ 35 mph – Unpaved roads  
 Mean r.m.s.  
accel.  
(m sec-2)  
Maximum peak  
accel.  
(m sec-2)  
Mean peak  
accel.  
(m sec-2)  
 Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Wors
t axis  
Resultant  
Tri-axial 
sum  
Z-
axis  
Worst 
axis  
Resultant  
Tri-axial 
sum  
1  2.41  2.41  
(z)  
2.77  15.31  15.31  
(z)  
15.43  13.56  13.56  
(z)  
13.53  
2  0.75  0.75  
(z)  
0.98  4.58  4.58  
(z)  
4.86  2.88  2.88  
(x)  
3.14  
3  2.55  2.55  
(z)  
2.94  22.29  22.29  
(z)  
23.72  15.45  15.45  
(z)  
16.08  
4  0.46  0.63  
(x)  
0.94  2.36  2.94  
(x)  
3.65  1.87  1.88 
(x)  
2.90  
 
 
Figure 43: Overall vibration level – unpaved road all ambulances all speeds 
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Figure 44: Mean peak vibration level – unpaved road all ambulances all speeds 
 
 
Figure 45: Max peak vibration level – unpaved road all ambulances all speeds 
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APPENDIX D 
Vibration time history and power spectrum density graphs derived from experimental data.  
 
 
Figure 46: Ambulance #1 – Highway, 35mph, Z-Axis R.M.S., typical 10 sec event interval 
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Figure 47: Ambulance #2 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval 
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Figure 48: Ambulance #3 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval 
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Figure 49: Ambulance #4 – Highway, 35mph, Z-axis R.M.S., typical 10 sec time interval 
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Figure 50: Highway, Ambulance #3, Z-Axis R.M.S.,≥65 mph., typical 10 sec event interval 
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Figure 51: Secondary road , Ambulance #3, Z-Axis R.M.S.,≤35 - 64 mph., typical 10 sec event 
interval 
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Figure 52: City Street, Ambulance #3, Z-Axis R.M.S.,≤35 - 64 mph., typical 10 sec event interval 
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Figure 53: Unpaved Road, Ambulance #3, Z-Axis R.M.S. ≤ 35, typical 10 sec event interval 
 
 
 
 
 
 
 
90 
 
 
 
 
 
Figure 54: ≤35 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval 
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Figure 55: 36-64 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval 
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Figure 56: ≥65 mph, Highway, Ambulance #3, Z-Axis R.M.S., typical 10 sec event interval 
 
 
 
 
 
 
 
93 
 
 
 
APPENDIX E 
Forcing function graphs derived from data collected during experimentation. 
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